Introduction
Melanoma is the sixth most common cancer in the United States with an estimated incidence of 62 480 in 2008 with 8420 deaths [1, 2] . Patients with metastatic melanoma have a median survival of 6 months and an estimated 5-year survival less than 15% [3] [4] [5] . The treatment for stage IV melanoma includes systemic chemotherapy, high-dose interleukin-2 (IL-2), and experimental therapies [6] [7] [8] [9] . Screening laboratory studies may show an elevated white blood cell count (WBC) at diagnosis or during the treatment of melanoma. This finding may be caused by infection, bone marrow metastasis, or concomitant corticosteroid administration. In this report, we observed an elevated WBC with neutrophilia in six patients with metastatic melanoma without any of these inducing factors. After an extensive work-up for infectious disease, we obtained serum granulocyte colony-stimulating factor (G-CSF) levels in each patient. The paraneoplastic syndrome (PS) of granulocytosis was diagnosed in all six patients after the confirmation of elevated serum G-CSF.
Methods
This review includes patients referred to the Surgery Branch of the National Cancer Institute, NIH, for the treatment of metastatic melanoma from January 2005 to May 2009. All patients provided informed consent before enrollment on protocols approved by the Institutional Review Board of the National Cancer Institute. Patients with an elevated WBC before or during the treatment were evaluated initially by complete blood count with differential, comprehensive chemistry panel, blood cultures, urine analysis, and computed tomography of the chest, abdomen, and pelvis. Additional studies were performed in consultation with infectious disease specialists. Serum was sent for G-CSF level in patients who had an elevated WBC and negative work-up for infectious disease (University of Minnesota Outreach Laboratories, Minneapolis, Minnesota, USA).
Results
Demographic, laboratory, and treatment details of the patients are listed in Table 1 . After an initial evaluation for infectious disease only one patient (E) had evidence of a probable infectious cause of leukocytosis (urinary tract infection), which was treated with antibiotic therapy. Otherwise, all patients had blood cultures, urine analysis, and computed tomographic scans which failed to identify an infectious source. Patient E, subsequent to treatment for urinary tract infection, continued to have an unexplained leukocytosis despite resolution of urinary tract infection. Patients A and B underwent bone marrow aspiration and review of the peripheral blood smear by hematology consultants. The bcr-abl gene translocation was negative by PCR in each of these patients. Peripheral blood smears of all patients in our series showed abundant mature neutrophils with occasional myelocytes or metamyelocytes, as shown in Fig. 1 , consistent with the effects of excessive serum G-CSF. In addition, a transthoracic echocardiogram to rule out endocarditis in patients A, B, and C failed to show an infectious source.
In all cases, a serum G-CSF level was obtained once the initial tests were negative for infection. In each patient, serum G-CSF was significantly elevated (normal < 39 pg/ml) and the degree of leukocytosis directly correlated to the level of serum G-CSF measured (Fig. 2) . The time from diagnosis of metastatic melanoma to the detection of leukocytosis was 14, 2, and 9 months in patients A, B, and C, respectively. All patients in our series were treated with high-dose IL-2 before the onset of leukocytosis (range 2-12 months). In addition, one patient (C) received two experimental small molecule inhibitors before being evaluated at our institution, therefore the time from treatment to the onset of leukocytosis is difficult to ascertain. Another patient (A) received temozolamide (15 months before) and then a short course of exogenous G-CSF in conjunction with nonmyeloablative chemotherapy and adoptive cell transfer. Patient A received 10 doses of recombinant G-CSF and developed leukocytosis with neutrophilia, 4 months after completing the treatment, therefore a causal relationship does not seem plausible.
In an assay, using 1 Â 10 5 tumor cells incubated in 200 ml cell culture medium for 48 h, supernatant G-CSF levels were 360 (patient B) and 192 pg/ml (patient C). In comparison, a patient with metastatic melanoma, with a similar treatment history, and a normal WBC had tumor cell culture supernatant G-CSF level of 27 pg/ml and normal serum G-CSF level of 31 pg/ml. These latter results are suggestive of a process in which tumor cells are the putative source of elevated serum G-CSF. The case of patient F provides a clinical correlation of this proposed pathophysiologic process. At the time of evaluation, patient F's WBC was 18.8 k/ml with serum G-CSF of 155 pg/ml. He underwent resection of a large axillary metastasis for the purpose of generating tumor infiltrating lymphocytes (TIL). There was no Positive correlation of serum granulocyte colony-stimulating factor (G-CSF) level to absolute neutrophil count.
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evidence of infection in the tumor specimen. After surgery his WBC fell to 13.1 k/ml (absolute neutrophil count 8.4 k/ml) with a corresponding serum G-CSF level of 32 pg/ml.
Discussion
Paraneoplastic syndromes (PS) result from the indirect effect of cancer on normal tissue through the production of humoral, neural, immune, or other factors [10] . Cytokines, protein hormones, their precursors, and antigenantibody interactions are the most common mediators of PS. Diagnosis of PS requires the identification of a clinical syndrome, the detection of a neoplasm, and identification of the acting substance [10] . In 1928, Brown [11] described a case of 'pluriglandular syndrome' associated with oat-cell carcinoma of the lung, later known as Cushing syndrome. Four decades later, the ectopic production of adrenocorticotropic hormone by tumors was identified as the cause of this syndrome. A variety of other endocrinologic manifestations of cancer have been characterized including hematologic, neurologic, renal, cutaneous, and rheumatologic syndromes. Occasionally, the first evidence of malignancy may be the PS, such as hypercalcemia caused by parathyroid hormone-related peptide secreted by nonsmall cell lung cancer. In many instances, the successful treatment of the cancer leads to resolution of the syndrome.
Hematologic manifestations of cancer are common. Cytopenias are seen frequently in cancer patients and often attributed to chronic disease, tumor infiltration of bone marrow, or the effects of chemotherapy and radiation. Alternatively, abnormally elevated cell counts may be secondary to myeloproliferative disorders, inflammation, or excess hematopoietic growth factors. For instance, elevated erythropoietin levels observed in some renal carcinomas may cause erythrocytosis.
G-CSF is a glycoprotein that stimulates the production, maturation, function, and survival of neutrophils. G-CSF also mobilizes hematopoietic stem cells into the peripheral circulation by an unknown mechanism [12] . Administration of recombinant human G-CSF results in an increased number of circulating activated neutrophils and an increase in the number of neutrophil progenitors (promyelocytes, metamyelocytes, and myelocytes) in the bone marrow. Granulocytosis, because of excess G-CSF, is characterized by a predominance of mature neutrophils in the circulation, as opposed to chronic myelogenous leukemia, where mature neutrophils and immature progenitors (including blast forms) may be seen in comparable numbers in the peripheral blood. In chronic myelogenous leukemia, there is typically a translocation (t9;22, the Philadelphia chromosome) that results in the expression of the bcr/abl oncogenes; this can be detected by PCR, and was negative in the two initial patients (A and B) we studied for this rearrangement.
Paraneoplastic granulocytosis may be encountered in a variety of solid tumors such as small cell and nonsmall cell lung cancer, hepatocellular carcinoma, pancreatic adenocarcinoma, sarcoma, bladder carcinoma, glioblastoma, nasopharyngeal carcinoma, esophageal small cell carcinoma, and melanoma [13] [14] [15] [16] [17] [18] [19] [20] [21] . Melanoma has been associated with a variety of hormonal syndromes, dermatologic syndromes, and disorders involving organ systems other than the skin [22] . Reports of granulocytosis attributed to a paraneoplastic process in patients with metastatic melanoma are rare. In 1987, Lilly et al. [23] reported that a human melanoma cell line was isolated from a melanoma patient with an unexplained leukocytosis. Molecular studies showed the production of G-CSF in vitro. In a separate report by Schniewind et al. [24] , a patient with rapidly progressive melanoma had leukocytosis and an elevated serum G-CSF level. The investigators suggested that G-CSF might suppress T cell-mediated immune response against human melanoma and that its production by melanoma tumors portends a poor prognosis.
Myeloid-derived suppressor cells (MDSC) represent a population of immature cells in cancer patients that mediate immune suppression through multiple proposed mechanisms. For example, MDSC levels are inversely correlated to T-cell receptor zeta chain expression and reduced interferon-g and IL-2 production in T cells of cancer patients [25, 26] . It is conceivable that tumorderived cytokines, such as G-CSF, may induce the expansion of MDSC and thus facilitate the unimpeded growth of tumor. In the six patients presented here, the phenotype suggestive of MDSC in peripheral blood mononuclear cells is not known. Further investigation in these patients could yield a population of MDSC that is associated with the unrestrained growth of immunosuppressive melanoma tumors.
We report on six patients with stage IV melanoma who developed granulocytosis with neutrophilia (Table 1 ). All patients in this series shared the diagnosis of metastatic melanoma and had a persistently elevated WBC. After an infectious etiology was not identified, a serum G-CSF level was obtained and was abnormally elevated in all patients. The source of this hormone was believed to be the metastatic melanoma. The degree of leukocytosis was directly correlated with the level of measured G-CSF (Fig. 2) , suggesting that the paraneoplastic effect was because of increased G-CSF production rather than acquired sensitivity to G-CSF by myeloid progenitors. All patients in this series were pretreated with IL-2 and one patient received a short course of exogenous G-CSF after nonmyeloablative chemotherapy. There was no temporal relation to IL-2 administration and onset of leukocytosis with neutrophilia. In fact, a well-studied phenomenon of high-dose IL-2 therapy is peripheral lymphocytosis observed in patients receiving treatment for metastatic melanoma and renal carcinoma. In addition, the half-life of recombinant human G-CSF is approximately 3.5 h. Therefore, it is unlikely that the exogenous administration of G-CSF in one patient had any impact on the development of leukocytosis 4 months later.
Most cancers arise following a sequence of specific genetic mutations [27] . It is possible that the accumulation of genetic mutations over time leads to abnormal and unregulated production of G-CSF in metastatic melanoma. A de-differentiated melanoma tumor may activate previously silenced genes, such as G-CSF, and acquire an otherwise atypical phenotype. Our observation of three patients over a period of several months is that the onset of paraneoplastic granulocytosis did not coincide with the appearance of metastatic melanoma, but instead developed at a later point in the course of disease. Without a more detailed molecular analysis of tumor cell lines from patients such as ours, the true cause of G-CSF-secreting melanoma tumors remains uncertain. It is also unclear whether these tumors respond differently to standard or experimental therapy, and whether the paraneoplastic process is indicative of an aggressive tumor phenotype.
Hematologic paraneoplastic syndromes can be particularly difficult to diagnose, especially in the case of neutrophilia because of ectopic G-CSF production. Patients with metastatic melanoma may be malnourished, functionally immunosuppressed, and prone to infections. Therefore, the most common cause of an elevated WBC in this patient population is infection. In some patients, however, an infectious source cannot be identified. Six out of 626 patients were found to have leukocytosis with neutrophilia, a negative infectious work-up, and elevated serum G-CSF. The incidence of paraneoplastic syndrome because of ectopic G-CSF production in patients with metastatic melanoma was 0.95% in this series. Therefore, in patients with an unexplained rise in WBC, ectopic production of G-CSF should be considered.
